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ESTIMATION PROCEDURES TO MEASURE AND MONITOR FAILURE
RATES OF COMPONENTS DURING THERMAL-VACUUM TESTING

R. E. Williams
and
Raymond Kruger

ABSTRACT
This report describes estimation procedures for measuring component failure rates,
for comparing the failure rates of two different groups of components, and for formu-
lating confidence intervals for testing hypotheses (based cn failure rates) that the two
groups perform similarly or differently. Appendix A contains an example of an analy-
sis in which these methods are applied to investigate the characteristics of two groups

of spacecraft components.

The estimation procedures are adaptable to system level testing and to monitoring

failure characteristics in orbit.
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ESTIMATION PROCEDURES TO MEASURE AND MONITOR FAILURE
RATES OF COMPONENTS DURING THERMAL-VACUUM TESTING

INTRODUCTION

The performance of spacecraft components in test affects the expenditure of resources. This
pert_.mance may also be indicative of later performance. If one could define the failure charac-
tetistics of this performance and could compare the performance between two groups, one a test
group and the other a control or norm, then one could better evaluate whather to expend more
or less resources in developing these coraponents and also predict the ...ionnance of these com-

ponents during later phases of the program.

It was the purpose of this study to develop methods for both defining the performance of a
group of components and for quantifying the similarity of this performance to that of another

group of components.



SECTION 1. ESTIMATION PROCEDURE TO MEASURE FAILURE RATES

The thermal-vacuum test process subjects individual components or groups of componenis
to temperature and vacuum cond.tions similar to what they would encounter in space. (A com-
ponent, as referred to in this report, is an assemblage of parts making up a besic unit or “black
box” such as a transmitter or a nower supply that performs a specific function in a system.) The

duration of the test may vary.

During a test, a failure may occur that completely disables the unit. In this case the test is
genenally stopped, and repairs are made before the test is continued. Sometimes a failure occurs
that does not to*ally disable the component. One may discover this failure at any time between
its occurrence and the end of the test. The failure is then repaired, and the test manager may
decide to retest. In some cases, a test is terminated with no failures. Therefore, we are looking
at a time process that has failures (deaths), terminations (losses), and late entries (where repairs
are made and the item is retested). (It should be noted that failure discovery rates rather than

failure rates are actually monitored.)

To model the process, we use the Kaplan-Meier Product Limit (PL) estimation procedure as

defined and described in (1), (2), and (3) and apply it to data as collected in Kruger-Norris (4).

The procedure, used in the Kruger-Norris thermal-vacuum test optimization model (4}, norm-
alizes the data and uses certain criteria for goodness of fit to estimate the parameters of a modi-
fied Duane model (5). From these parameters. one can project the failure rate into system level
testing and then on to orbital operations. These projections are used to calculate a parameter
called *“‘availability™ in reference (4) whicl, in turn. is used in the determination ot optimal test

conditions.

The PL estimation technique provides a basis for defining failure rates and also allows for
statistical comparisons as shown later. In order to develop PL estimates, we define the probability

of survival. P(?). as

tJ
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Pty = (T> ). D

T denotes the event that the component or collection of components has survived, and XT > t)

means the probability that the component has survived beyond time t.

The PL estimate is based on procedures given in Kaplan-Meier (1) and cstuasics P(t). The rels-
tionship between t+ PL estimate and the failure distribution for component life is given by

F(t) = 1 - K. (2)

In comp . -.nt lzvel testing, we have a distribution based on component count which is de-
fined by dividing the number of failures that have occurred up until time t by the total number
of components, N, remaining on test. This ratio is the cumulative frequency of component fail-
ures over time and wiil be called F*(t). Since the PL estimation procedure incorporates the same
iype of life information about component level testing as does F*(t),

Fe(t) = F(h = 1 - P(t). &)}

To estimate F*(t), we first estimate P(t). The estimate of F*(t), 'l:"(t), is related to the
estimate of P(t), 3(:). by

Fomr = 1 - Bo. (4)

~ ~
The PL estimate is a con istent estimate of P(t) and thus a consistent estimate of F*(1).

In order to calculate the PL estimate, we do the following:

(a) The age (or time) scale is divided into suitably chosen intervals, (0. u;). (4. i), (u4,
#3). . .. The intervals may be chosen as time intervals where the w's correspond to the
failure times or may be intervals of constant length. For notation in this report. the

time from p;; 1o g 1s designated as p;; .

A different estimation procedure exists for each case. By choosing time intervals
of constant length, one may graphically monitor and compare two different processes

oased on two ditferent methods of normalizing the data.



(b)

(¢)

(d)

(e)

3
For ¢ach interval (H.1, j). one estimates the proportion of items alive just after K.y and

that survive beyond M.

If t is a division point (it may be introduced specifically, if necessary) the proportion,
P(t), of the population surviving beyond t is estimated by the product of the estimated
proportion surviving each interval, Pj-1.j. for all intervals prior to t.

If there are ties between the failure time and time that a test ends, the time that a test
ends is taken to cccur immediately after the corresponding failure time. If a failare
and test time fall on the endpoint of an interval as defined in (2), then the test time
goes into the following intervai (to the right) as a loss, and the failure time stays in

the interval in which it occurred.

If a repair occurs and the test then continues, the ioss enters the process as a negative
quantity. Let y be defined as the loss measurement. This loss occurs when items go
off test and when items come on test. Suppose one item appeared on test during a

time interval and two items went off test during the corresponding time interval. The

overall lossis y = 2 - | = 1. If no items went off test during this interval, then y = -1.

Under the restrictions given in (a) through (e), the PL estimate is

o t -
P(” = Jﬂl pj'l.j(t)' {5)

To account for the variations previously outlined and to formulate the above process in

terms of an iterative time process, we let

Number of items on test at time Hj.p -
= Number of items fatled during the interval K jr

Number of items whose test terminates (truncates) or are put back on test {late en-

tnes)—entered as a positive or negative number respectively—duning the interval Hj.y -



From the above definitions, we have

Mg =Yg - dig,
By1.j = 2 SRS LR (6)
M - Vi

To illustrate the use of the above formulas, we consider the following examples:

Exampie |: Intervals Established by Times of Failures
Example Parameters:

Eight items on test

Failure times: 8, 31, 51,92
Truncation times: 10, 27, 70, 121
Entry time: 80

The entry time corresponds to one of the items being repaired and then retested.

We illustrate the time line schematically in Figure | with a failure time indicated by F, a

truncation time indicated by T. and an entry time indicated by E.

8 3 51 80 92
. F F F E F
' T T 7 T
t: 0 10 27 70 121

Figure 1. Time Line of Events for Examples I and II

The first calculation scheme uses intervals determined by the times of failures: thus, 4y = 0.

By =8 4y =31, 4y =51 and ug =92,

The calculation scheme is given below in Figure _.



0 8 3 51 80 92
L 1 L { £ 1
1 T T T 1 T T 1

u u
Ko 1 10 7 ] 70 My
np =8 n =ng=-Yo; ~dojiny =m -y, 3-d;,{ny =ny-y,3~dy;
do, =1 =8-0-1 =7-2-1 =4-0-1
Yo =0 =7 =4 =3
dy 2 =1 dz3 =1 dye = |
Y12 =2 Y23 =0 Yia=1-1=0
A Ny - Y¥o,1 - doy |a N ~¥i2-di2fa Ny -yrr=dyzla Ny -y3q ~d3g
Py, = Pia= Py = Py =
Ry = Yo.1 Ny =Yz N ~¥3 Ny - Y3
§-0-1 7-2-1 4-0-1 3-0-1
8-0 7-2 4-0 3-0
7 4 3 2
8 5 4 3
= (0.875 = (0.800 =0.750 = ().667

Figure 2. Calculation Scheme for Example |

Using equation (5). one can find the following PL’s:

A 7
P(8) = E = 0.875

) () 6) )

”~
Using equation (4) we may then graph the probability of failure, F*(t), as a function of

time as shown below in Figure 3.
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Figure 3. Probability of Failure vs. Time, Example 1

To illustrate how the process changes when we change the time intervals to intervals of con-

sistent length of thirty we have the following example:

Exampie 11 Intervais Established at Fixed Times
Bg =0, 4, =30, yy =60, uy =90, uy = 120

The calculation scheme for these intervals is given in Figure 4.

8 N 81 80 92
F F F E F
f— -t } -+ $
t:0 170 27730 60 T 20 120
My K2 10 H3 He
ng =8 n, =np-yo; -doy|ny =my -y -dia)ng =0y -yy3-day
dg, =1 =8-2-1 =5-0-2 - =3-0-0
yo‘lzz =§ =3 =3
dyy =2 dy3 =0 dyq =
vip =0 Y3 =1 -1 Y34 =0
=0
- Ng - Yoy ~doy)a mo-ye-diaa Ny -va3 -da3|a ny - yy4 ~dag
Py, = P2+ P,; = Pyy =
Np - Yo.i =Y N: = V¥a3 N3 = Vig
8-2-1 5-0-2 3-0-0 3-0-1
Tog-2 5-0 3-0 3-0
5 | 3 3 2
"6 5 3 3
= (0.833 : = 0.600 = 1.000 i =0.66"

Figure 4. Culculation Scheme tor Example 11



Again, AT may be calculated from equation (4); a plot of ?‘(t) is shown in Figure §.

1.0
|
08}
L. . 0.687
_ o6
= i . 0.500 . 0.500 o
& - + .
0.4}
02— 0.167 }
L
0 i L L 1 n | 0 1 ] i ]
0 k +) 60 90 120
time, t

Figure 5. Probability of Failure vs. Time, Example II

~
It is clear that one obtains different plots of F*(t) depending cn the selection procedure for
the time intervals. If the number of failure times is small, then one should use the failure times
to determune the intervals (M,-,, i) With this procedure, it is still possible to monitor the pirocess

through hypothesis testing, so nothing is lost in te-ns of one’s ability to monitor.

Example IlI: A Ranking Approach
If one uses the individual times of failures, individual times of losses, pools the time informa-
tion, and calculates the rank of the failure time in the combined sample, then (assuming there are

ne late entries) p, may be estimated by

- N - R(tj)

P = 7

N - R([J‘) + 1
where R( Yris the rank of the jth failure t me '-. the combined sample We illustrate this tech-

nique by the following exampie



In the previous example. with the entry time 80 omitted, we have in Figure 6,

[-}]
(2]
-
(3]
ey
©
N

T T T T
10 27 70 121

Figure 6. Time Line of Events, Example III

with (8, 31, 54, 92) the failure times. Consequently, the ranks of the failure tim~s are

R(8) = 1,R(@31) = 4,R(51) = 5,R(92) = 7.

The ranks and formula (7) give
A A A ~
pl = 7/8, pz = 4/§, p3 = 3/4, p4 = 1/2
A A A A
P;. P,. Py correspond to the first three P;'s in the original example before a late ent ' time

takes place. If late entries occur, we readjust formula (7) to allow for this. The rea:c usted form-

ula is thus

5 . {N + Zyw} - R(ty

. = (8)
'O{N 4 Zym)} - Ry + 1
where the ranking procedure is carried out in the same manner, but the sample size N is adjusted

if and only if and where a late entry is made.

In the previous exampie, a late entry is made at t = 80. Thus, we adjust N by adding y (80)
= | (one late .ntry) to N for the calculation that involves the next rank and each rank thereafter.

This vields

pp =78

P, = 45

A

Py = 3/4

A (N + 1) -7 8+ 1 -7 2

p4= = =
(N + 1) -7 + 1] 8+ 1 -7+ | 3

We note that these estimates are now the same as the ongnal estimates in Example [
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SECTION 2. CONSTRUCTION OF CONFIDENCE INTERVALS
With the estimation procedures clearly defined and illustrated, we turn to the construction
of confidence intervals and to the question of monitoring a process. To construct ccnfidence

intervals for F *(t), we use the fact that

GOS0 N, 1) 9
O T ®

That is, the ratio s normally distributed with a mean of zero and a standard deviation of one;

ﬁ(t) is given by equations (5) or by using equations (7) or (8). The variance, Q(t), 1s given as

t

1- ﬁ._ .
Vi = 0L

(10)
=1 M1 By )
Thus, from (9) and (10) the confidence interval for P(t) (the unknown but real product estimate)

at any point t in time is

Bt - Zy B0 /Pty < ey < by« Zy By V90 (11)

P(t) lies between ?(t) [l kS Za/z v O(t)].

This allows one to calculate bounds around any step for F*(t). Note ?‘(t) = 1]- 'l;(t) or

or

1-Fa) = .

Since P(t) = 1 - F*{t) and B(t) = 1 - B%(t), we have

F(t) = 1 + (F(1) - 1) [1 t Zyy (FO(1) - 1)/ V(t)J (12)

As an alternate derivation, using P, and PU to designate lower and upper bounds respectively,

it can be shown that

L-Py SF <1 -p (13)
where
Py = Prr) [1 + 24,5 \/WJ
and

P, = P(1) [1 - 24y V \7(0:].

10



SECTION 3. COMPARISON OF TWO PROCESSES
To compare the two groups, we let

6 = %,/F, (14)

where ?2 and /I;l are constructed as previously shown. If @ is equal to 1, then the two processes
are the same. Stated in terms of hypothesis testing, we have
Hy: 6 =1, Hy: 0> 1

where it is understood that ?2 will represent the group that has the greater /l; The distribution is

®, - 0%
(f;‘zz 02 + 02 f;lz {,‘1}1/2

~ N(O, 1).

This implies that

1/2
)

PrOSIB, -0F 1<z, {2V, +02320} Y =1-a (15)

To find confidence bounds for 8, we consider the inequality inside the probability statement.

We thus have

P,2 - 2P, P o +0°P <7 ,2{P,2V, +62P2V} (16)

and, representing the inequality as an equality, we have
A A A ey
P2 - 2,2 B2 Vet - 2BP)Ho+@2 - 2,782V =0 a7

Solving the quadratic equation in (17) yields

PP P 2P 2 P2 2P 2
#,8, 48,282 - aB,? - 7,2

)
(18)
28,2 - 2,282 V)

g =

Thus, the confidence intervals for 8 are

A A NN
LI <p g2ty 19
BT - Zya BTV APy T - Zyn" BTV



/s the term under the square root symbol in equation (18)
3‘ is calculated from equation (5) for the first group

ﬁz is calculated from equation (5) for the second group

01 is calculated from equation (10) for the first group

02 is calculated from equation (10) for the second group
Zy; is the upper a/2 value (e.g., @ = 0.95, Zy, = 1.96).

An alternate way to write the equation is

~ A 1/2
dirrp-a-z,,,2vHa-2,,,2V
) { /2 - ‘1\ /2 2} . (20)
l'ztxlz Vl

If L, £6 <Ly and | <L where Ly is the lower limit 2nd Ly is the upper limit, then

P, > P, at that particular point in time.

Stated another way, if the confidence interval for 6 does not inciude one for a point in time,

t, then P,(t) > P, (1) and the two processes are different.



SECTION 4. CALCULATION OF RISK FOR INCORRECT SCREENING

It is often necessary to make a decision as to whether the individual or groups of compo-
nents have progressed through the test screen with failure rate characteristics similar to compo-
nents that have passed through this test screen and have performed successfully in later phases.
In order to do this, we utilize the concepts of (1) controlling the difficulty of a screen and (2)

the risk involved when we do not let a group of components pass the screen.

Having a difficult screen relates to the a measurement or the probability of a Type I error
in statistical hypothesis testing. To make the screen more difficult, we decrease the confidence
bands around the step function and consequently increase a. The larger a becomes, the tighter
the screen. To assess the tightness of the screen, one usually asks a question such as, “If one
makes the decision that the components passed the screen, and thus no corrective action is taken,
what is the consequence of this action if trouble develops later in future testing or flight programs?”
This assessment is usually made on weighted cost or subjective engineering judgment. In the case of
space flight, it is thought best to have a tight screen, on the adage that *it is better to catch it and
not have it happen, than it is to not catch it-and have it happen.”” We adopt this philosophy in
this screening process. On the other hand, if we do not let a group of components pass the
screen, we encounter other costs such as those arising from redesign and retest efforts. If one can
estimate the costs involved with the consequences of the decision to let a group of components
pass the screen or not pass the screen, then it is possible to look at expected cost tradeoffs. To

quantify the concepts. we use the notions of Type I and Type II errors.

We first take as a null hypothesis the belief that the two groups perform similarly. In the
process. two incorrec* decisions can occur. If we say that the group fails, i.e., it is unlike the con-
trol eroup when in fact it is similar, then we are making an incorrect decision. Call this an incor-

rect decision. Dy, of Type L

On the other hand, if we sav a group passes when in tact it is unlike the control group. we
are again making an incormrect decision. Call thus an incorrect decision, D3i' of Type II.

13



To quantify the former idea, let

a = Pr(Dy), § = Pr(Dy) 1)

If we use the concept, *‘It is better to catch it and not have it happen, than it is to not
catch it and have it happen,” then we want a to be large enough to guarantee a rigid screen. A
corresponding calculation of § is made when one chooses to not pass the test group. If the costs
of decision D, and D, are respectively C; and C,, then the expected costs for these decisions
are

E(D,) = «C; and E(D,) = 8C, (22)

To monitor the process of component level testing, we operate under the null hypothesis
Hy: 6 =1 for the statistic
P, -6f ~NoO,P2V, +82812V)
b 1 (©, 2 2 1 1
i.e., the statistic is normally distributed with a mean of zero and a standard deviation of (?22 02 +

62 B2 V)%

The screening process may be viewed in the following manner. If the control group and the
test groups are the same, then ﬁl = ﬁz. Since 6= 32 /f;l , this implies that & = | when the groups

are alike.

If we construct confidence intervals on 6 from the test data and these confidence intervals
do not cover § = 1, then we reject the null hypothesis, H,: 6 = 1, and the group does not pass

the control test.

From a program to calculate product limit estimates for a control group and a test group.
as shown in Appendix A, we obtained l?z = 0.8759 and ﬁx = 0.9482 with V, (the variance of

P,) = 0.00110 and V| (the variance of P;) = 0.00028.

Confidence intervals tor 8 at a = 0.20 were (0.8803. 0.9680). Since these contidence inter-

vals do not cover § = 1. we reject Hy: 8= 1. To calculate 3. we do the following:

14



(@) Calculate a confidence interval about § for H,: 6 = 1, @ = 0.20. This confidence in-

terval corresponds to the Z acceptance region, -1.28 £ Z < +1.28 where

A A
z P2 -0 Pl (23)
= A A~ A
{32V, + 929290} 112
or
z=0-00){9, + 0672V} (24)
For a=0.20 (Z = 1.28), we have the following inequality
A A
P, -6P
-1.28 £ ——1 1 < 1.28. (25)
(5,20, + 015,20 117
Letting
={P29% 2928 Y12
c={P2V, +62P,2V }V
and, solving for '['32 fl;l , we have
1.28C 1.28C
- sﬂmsa+$ , (26)
1 1
For the null hypothesis, Hy: 6 = 1, equation (26) reduces to
1.28C 1.28C
1l -——<0<1+—x 27N
P, P, -

(b) Substitute for 8 a value that depends on Z, C, and the new belief about 8. Since Z =
@ - oy)/C,
6 = zC + 8y (28)

A A
where 9y is a new estimate which equals P, /P, .

Substituting for 5 in equation (27) and making a probability statement, we have

1.28C 1.28C
g="P|(1 - ==X SZC+6y S (1 +—3%
Pl Pl

or



1

5= pr [(1 ] I.ZBC) 1 <7< (1 ] 1.28C) 1] 29
= - UN - - -On + 7% - -
B, /c P, /c

As an illustration of the calculation of 8, we have from our calculations shown in Appendix A
B,
B,

0.9482, V, = 0.00028 and

0.8759, V, = 0.00110.

Then, from the definition of 8y as in equation (28),

As before, we let

{(0.8759)2 (0.00110) + (0.9482)2 (0.00028) } '/

@
"

0.0331

and from equation (29),

_ 1.28(0.0331)] 1
8 P’{[“ - 09338 - —55ae 0.0331

<z< [(1 - 09238 + 28 (0.0331)} 1 }

0.9482 0.0331

= Pr {0.9581 < Z < 3.6580}.

From the definition of the right-hand term,

1 36580
f e-12x% dx = 0.169.
0

21 Jo9s8)

=
}



SECTIONS. CONCLUSIONS

Using the PL process, one can monitor failure characteristics during component and system
level testing and also during the orbital mission. This process enables one to make confidence
statements about the failure characteristic of a test group and to compare the characteristic with

that of a control group. This can be done graphically with statistical hypothesis testing.

One can calculate risks and have quantitative guidelines for making decisions as to whether

to continue testing or not.

Using the step function to represent F*(t), one can obtain regression estimates of a Duane
type mode to project failure characteristics from component level testing to system level and on
to the orbital mission. The process gives the same form of an estimation procedure at each stage

of testing.

The process converges in expected mean square to the theoretical distribution. This means
that estimates of F*(t) based on this process will be a good representation of the failure

characteristic.
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APPENDIX A
EXAMPLE OF ANALYSIS USING ACTUAL DATA

The data used in this example come from two entirely different groups of spacecraft compo-
nents. The first group, noted as record numbers 1 to 931, is taken at random from a group of
tests conducted in the period 1966 to 1976. The second, records 941 to 1631, is data from a
group of components for one spacecraft tested in 1976 to 1978. Ten record numbers are used
to maintain the data for one test so 94 tests are included in the first group and 60 tests in the

second. Any test may contain one or more components.

Figure A-| is a simplified flow diagram for the computer program used to reduce the data.
The program itself is written in a modified BASIC language for a Hewlett-Packard 9831A desk-
top calculator. Block 1 of Figure A-1 basically performs program housekeeping functions.
Blocks 2, 3, and 4 select the data to be analyzed and perform functions necessary to put the
data into a form compatible with the statistical analysis requirements. The value for Z entered
in block 6 determines the stringency of the comparison between the two groups of data. The
comparison is done in block 7. if the upper and lower limits for 8 do not include 1.0 as in equa-
tion (19). then the hypothesis that the two groups are alike is rejected and the acceptance region

for the alternate hypothesis is computed.

Figure A-2 is a copy of the print—out of the data as adjusted and entered. The note at the
top signifies that a 24 hour interval will be used in the analysis. The first case, as noted previ-
ously, includes records 1 through 931. The number of components actually listed in the data is
187. However, tests exist in the data wherein more than one failure per component exists. This
condition is impossible in the Kaplan-Meier (1) approach and so the data was adjusted to in-
crease the number of components so that at least one component was on test during each test
period. The problem. in part. exists because of the uncertainty in designating a component: a

complex item is normally designated as being made up ot more than one component. However,
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Figure A-1. Simplified Flow Diagram tor Program to Reduce Data



TIME INCREMENT S3ET AT 24

1st CASE: BEGIN RECORD 1 s END RECORD 331
INITIAL COMPONENT COUNT: 187 ADJUSTED COUNT: 198
ROW HOUR CODE #COMP  ROW HOUR CODE #COMP

1 109 3 4 86 232 3 2
2 98 3 l 87 26 3 15
3 48 3 2 88 26 1 1
4 182 2 9 89 53 3 1
5 296 3 4 20 57 3 2
6 192 ) 1 91 68 3 1
7212 2 -1 932 33 2 @
3 212 1 1 33 126 3 1
9 234 3 4 R 28 3 1
19 149 3 1 25 26 3 1
11 34 1 1 96 33 3 1
12 1n2 1 1 7 54 3 1
13 231 3 2 98 135 2 9
14 435 2 9 99 267 3 &
13 135 3 2 1908 33 1 1
15 216 3 4 181 41 2 -1

—
o
V)
w0

Figure A-2. Data as Entered by Test

no exact definition exists. A better unit might be a part (e.g., a resistor or a capacitor), a device
whose function is irreparably destroyed by disassembly. The large number of parts per compo-
nent essentially obviates the possibility of having more failures than parts and eliminates the need

for the adjustment in count. The adjusted component count is shown as 198.

The data itself is stored, test by test, in an array of 450 rows by 3 columns. Only rows
having data in them are presented, and the output splits the data in half listing both halves simul-

taneously: therefore we have row | alongside row 86, there being 169 rows of data.

The data can be interpreted as follows:
Row 1: A test lasting 109 hours and then terminating (code 3) with the 4 components being

taken off test.
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Row 2: A test lasting 98 hours and then terminating with | component being taken off test.

Row 3: A test lasting 48 hours and then terminating with 2 components being taken off test.

Row 4: A test interrupted (code 2) at 182 hours. No failures occurred before the interruption
and 30 no repairs or late :2tries are involved; #COMP = 0.

Row S: The test in which the interruption in row 4 occurred is terminated at 296 hours and
the 4 components that were on test are removed.

Row 6: A test in which a failure {code 1) occurs at 192 hours. One failure is noted under
#COMP.

Row 7: Th. test is interrupted (code 2) at 212 hours and previous failures are repaired. The -1
decignation is a late entry of the repaired component. The tim+ spent during the inter-
ruption is subtracted from the in-test time.

Row 8: A failure occurs as soon as the test is begun again.

Row 9: The test continues until time 230 when it is terminated and the remaining operating

item, 4, is taken off test.

It can be seen that the code 3 designators separate individual tests.

After all the data from a group has been entered into the acray, the array is sorted in order
of increasing time (column 1) and the data can be output as shown in Figure A-3. The informa-
tion in rows 2 and 11 in Figure A~2 now appear in rows 102 and 86, respectively, in Figure A-3.
Some, such as row 89 in Figure A-2 cannot be exactly identifie< since both rows 94 and 95 in
Figure A-3 contain the same data. This is of no consequence ana simply indicates that some

other test (not shown) contained data having the same values.

Figure A-4 shows the statistical analysis of the data of the first case. Column designations
are compatible with the terminology of this report. Note that the analysis is terminated when

fewer than 20 components are on test. This was done because of the rapid increase in variance.
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ROW  HOUR  CODE #COMP FOW  HOUR  CODE #COMP
26 34 1

3v 26
- 38 37
39 39

29 20
91 91
22 92
23 92
924 93
33 93
96 94
7 24
38 34
29 5
108 95
191 7

7 19 162 3%
15 25 193 3%
13 2p 184 199

185 187
196
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Figure A-3. Sorted Data

MRXIMUM TIME IN DRTA: 459

Interual

Fraom To nea=12  did=1s0%  vij=1ed) phatid=1sd) Fhot* Yarionce
% 24 192 18 5 0. 3452 g, 2 3.
24 453 127 P 26 8. 9433 a, o A ,
43 TE 149 4 28 A.38390 % =y B, aag
Ve AL 125 4 14 A, %540 A, 3485 ALaaLss
36 126 a7y 1 13 B, A553 3,231 IR Ty
126 144 =] 2 13 s I Ibe e f, 2039 A 00285
144 ies T 1 = a4, 9551 N, TIEY A, 0T
1e3 132 1) 2 £ B, 9687 y 3 A, AQ45 2
13z 21le S 1 13 a.9744 a. g a,aasTo
218 244 32 9 1z 1,060 A g A.AansTs
244 Zed 26 7 3 1.3088 g S d.a1zTe
2ed 228 2z g e 1.9385 a. g A, a1445
HUMESF GF COMPOMENTS FALLS BELOW X0 AFTEF TIME 23#

Figure A=4. Analysis of First Case Data
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The data for the second case, records 941 to 1631, were operated on the same way as that

of the first case and the statistical analysis is .nown in Figure A-5.

Finally, the two groups of data are compared. A value of Z = 1.28 was salected and the

comparison can be seen in Figure A—G.

From Figure A-6, we can see that the null hypothesis (the two groups are alike) can be
rejected in the period 0 to 24 hours. With the acceptance region of 0.9581 to 3.6580 then, there
exists a 16.9 percent probability that the observed value will fall in the non-rejection region when

the alternative hypothesis is true.

Figure A-7 graphically compares the two groups of components. While differences are
apparent, the analysis as in Figure A-6 is needed to attribute confidence interval statements as to

the degree of similarity.

MAXIrMUM TIME [+ DATAS: £47

Interual

From To nid-1r dod=1edd  wid=194d) phatidi-1s3) Phats Yariance
_B 24 129 17 -3 g.3753 B, a7ys9 B.aR 1
24 48 129 3 7 B, 9739 B.5527  @.00144
43 T 1113 4 =S B,9815 B,3139 % s Es g s 1|
f% FE 189 1 2 £, 53298 a.211% (51 el
A5 128 A7 2 13 A,3762 B, 722 A.9az7a

128 144 32 3 -2 B, 98432 3,7E29 B, aa37T
144 153 =1 1 -1 3,9373 B, 75465 Q. 9840z
163 132 31 t -7 B.9336  B.T4E8  Q.00420
}9@ 21e 27 a & 1.8889 A, 7480 (5 TS s

cle 244 37 3 5 1, 3500 A.T4EE 0. OE5

§{U 2654 27 A 2 1.89884 g, 7450 B AR

ced 3] 7Y 1 5 3,573 . 73E5 A, 3RS
S vE A 14 1,894 B, 73S A.Qa0a45a
f}g B 1 3 B,2333 A, 7243 A, RRSER
A3e IR0 53 2 11 I T 0. 5941 Q. Bavdy
?@B 224 45 A 173 1.3958 T (e [ L
a4 44z &7 1 gl B.9444 A, 2555 H, B3] %46

HUMEER 0OF COMFOMEWTS FALLS BELOW 29 AFTER TIME 4as

Figure A-5. Analysis of Second Case Data
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alrha-2 =

To

1.328

Hocertance Reaion

—
s 2

{= Theta L= From To
8 24 9.3883 8.9689 g,9581 3.56588
24 48 0.%673 1.8362 - -
48 72 8.9245 1.8634 - -
7 96 8.9478 1.1189 - -
1Y 1208 9.9044 1.8763 - -
129 144 8.8929 1.8973 - -
144 168 B.3969 1.1282 - -
163 132 3,.9974 1.1533 - -
132 218 d.93861 1.1660 - -
218 248 9.3887 1.1883 - -
248 264 8.3529 1.13%9 - -
264 288 8.333% 1.1391 - -
Figure A-6. Comparison of the Two Groups of Data
.87 ~—— RECORDS | T0 931
— RECORDS 4! TO B3I
p.8¢4
2.5¢
T
g.4¢
B e
B.z T ----_’---- ----- E—— =
----- J—
|
&R 128 |ad 242 388
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Figure A-7. Graphical Comparison of Failure Characteristics of the Two Groups of Components
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